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NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

RESEARCH MEMORANDUM

ORGANOPHOSPHORUS COMPOUNDS IN ROCKET-ENGINE APPLICATIONS

By Dezso J. Ladanyl and Glen Hennings

SUMMARY

Experimental ignitlon-delay determinations of mixed alkyl
thiophosphites, triethyl trithiophosphite, and propylene
N,N-dimethylamidophosphite with red and white fuming nitric acids were
conducted at temperatures from 140° to -95° F at sea-level pressure
and at pressure altltudes of about 20,000 feet with a small-scale
rocket engine of approximately SO pounds thrust. Regardless of pro-
pellant combination or imposed temperature and pressure conditions,
the 1gnition delays were all less than 10 millliseconds; most were in
the range 1 to 6 milliseconds.

In addition, the literature pertaining to the use of organo-
phosphorus compounds in rocket-propellant combinations was surveyed
and summarized with particular emphasls on ignltion-delay investigations.

The experimental data and literature survey were examined and eval-
uated with respect to utilization of organophosphorus compounds in
rocket-engine applications. Although the exploltation of this new field
of propellants is not complete, it appears that the tertiary compounds,
especlally thiophosphites and amidophosphites, are potentially out-
standing rocket fuels since they meet proposed specifications better
than many contemporary propellants and, if developed commercially, can
assume excellent competitive positions with respect to other low-
freezing-point, spontaneously ignitible fuels.

INTRODUCTION

In the search for liquid rocket fuels that are better than those
now known and avallable, a useful gulde is the set of target require-
ments formulated by the Bureau of Aeronautics (ref. 1 and table I). In
addition to the items Included in this 1list, another desirable goal 1s
the discovery or development of self-iganiting fuels that have very
short delays over a wlde range of temperatures with an extensively used
oxidant such as fuming nitric acid. This characteristic 1s especially
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2 CONFIDENTIAL NACA RM E54A26

desirable 1n applications where the total permissible propellant-
burning time 1s extremely short and where ignition delay 1s a slgnifi-
cant portlion of this time.

In order to find fuels complylng with the foregolng criterla,
several Investigators have examined and studied compounds outelde the
widely investigated classes such as alcohols, amines, and mercaptans
(e.g., refs. 1 to 4). One such group that has received considerable
attention recently 1s the large class of organophosphorus compounds.
Several members of this class show promise not only as starting fuels
but also as main fuels 1n certain applications. They possess many
desirable chemical and physical properties as well as a potentlal for
inexpensive, large-scale production.

As part of a general investigation conducted at the NACA Lewls
laboratory on the sultabllity of certain fuels used with varlous nitric
acids as self-igniting rocket propellant combinations (refs. 5 to 12),
a literature survey of organophosphorus compounds pertinent to rocket
applications was made and 1s reported in the appendix. In addition,
ignition-delay determinations of three of the most promising ones,
namely, mixed alkyl thiophosphites, trlethyl trlthiophosphite, and
propylene N,N-dimethylamidophosphite, were made with red and white
fuming nitric acids at temperatures from 140° to -95° F and at sea-
level pressure and at pressure altitudes of about 90,000 feet with a
small-scale rocket engine of approximately 50 pounds thrust ani are
also reported herein. The llterature survey and the experimental
results of the lgnition-delay measurements are employed to evaluate the
feasibllity of these materials for further development.

APPARATUS

The 1gnition-delay apparatus utllized in the experimental investi-
gation 1is shown diagrammatically in figure 1. It was a modification
of the one reported in detall in refereace 8. It also incorporated
aome of the features of a simllar apparatus described in reference 1l.
The two majJor changes involved an lmproved propellant-injection system
and a new means for assembling the rocket engine.

As shown in the insert of flgure 1, the rocket-engine assembly
consisted of an injJector head, injector orifices, a transparent cylin-
drical combustion chamber, a plate with a convergent exhaust nozzle,
and propellant tanks.

The internal geometric configuration was identical to the one in
reference 8. The 90° included angle of the propellant streams, the
center location of the combustlon-chamber pressure tap in the injector
head, the 0.68-inch propellant-stream travel before impingement, the
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0.041-inch fuel-injector-hole diameter, the 4-inch-long and 2-inch-

inside-diameter combustion chamber, and the 0.4-inch-throat-diameter
exhaust nozzle were all unchanged. The 0.0675-inch-diameter oxidant
injector was slightly larger than that used in reference 8.

The injector orifices differed from the earlier ones (ref. 8) in
that they were not integral parts of the propellant tanks, but were
separate inJjector-head inserts which were not removed during the course
of the experliments. This system ensured production of propellant
streams with invariant impingement characteristicse. It also decreased
experimental operating time by permitting simultaneous preloadlng of
several pairs of propellant tanks.

The method for assembling the engine was modified by eliminating
the connecting bolts between the injJector head and the nozzle plate, and
replacing this system by one In which the assembly was bound in com-
pression between a rigid upper support and a movable lower screw-Jjack
mechanism. Flexible metal bellows enclosed in the Jack provided an air
seal for the low-pressure experlments. These embodiments are shown in
the cut-away view in figure 1.

PROCEDURE

The operating procedure employed in all experiments reported here-
in was essentially the same as the one described in reference 8. When
a fast-acting solenold valve was opened, pressurized helium burst
sealing disks at each end of the propellant tanks and forced the pro-
pellants through inJjector orifices into the combustion chamber. Photo-
graphs were taken of the two propellant streams entering the combustion
chamber, impinging, diffusing, and then igniting. Measurements of the
ignition-delay period were made from the photographic data. As before,
the propellant-injection pressure used in every run was 450 pounds per
square inch gage.

PROPELLANTS
Fuels

Three organophosphorus fuels were used in this investigation. Two
of them were derived from the class of thiophosphites: (1) a mixture
of low-molecular-weight alkyl thiophosphites known as mixed alkyl
thiophosphites and (2) triethyl trithiophosphite. The third was an
amidophosphite, propylene N,N-dimethylamidophosphite. It 1is known more
familiarly as 4-methyl-2-dimethylamino-1,3,2-dioxaphospholane.

CONFIDENTIAL
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The mixed alkyl thiophosphites was furnished by Standard 01l
Company of Indiana. It was part of a particular pllot-plant quantity
designated as Batch No. 6. An ultimate analysis and some physical
properties of thils specific hatch are reported in reference 13. The
over-all average molecular weight of this product is about the same as
that of triethyl trithlophosphite.

The triethyl trithiophosphite was supplied by California Research
Corporation and marked as Sample No. 53070-R.

The amidophosphite was provided by Shell Dsvelopment Company. It
wvas part of Lot No. P-3234. For brevity of nomenclature, Shell's coded
designation for this fuel, RF 208, 1s widely used.

Each of these fuels was removed from 1ts sealed container and
immediately placed Into smaller tightly enclosed ground-glass-stoppered
bottles. The transfers were made with as little fuel-to-atmosphere
contact as possible to minlmize any hydrolytic or oxidative reactions
that might occur.

Soon after initiation of the mixed alkyl thiophosphites program,
1t was observed that the 100-milliliter premeasured charges of fuel
possessed cloudy appearances of varlous degrees. A yellowish sediment
was also noted on the bottom of each bottle. Since the amount of ma-
terial 1n each contalner was very slight, it was not known whether the
solild contamlinants were already present but unobserved at the time of
receipt of the fuel or whether they were oxidation products that were
formed in spite of the precautions taken to avold them by rapid transfer
and good sealing. Some of the clearest fuels were carefully decanted
and results obtained with them were compared with those yielded by some
of the cloudlest fuels that were thoroughly shaken before being trans-
ferred to propellant tanks. These tests disclosed no significant
effects by the contaminants on ignition delay. In contrast to mixed
alkyl thlophosphites, no visually observable amounts of settled or
suapended sediment were ever found in the storage bottles of the other
two fuels.

Some of the physical properties of the three fuels were determined
and are as follows:

Fuel Density, g/ml Viscosity,
centistokes

3110

86° F|68° F|-40° F|77° F|[-40° F|-65° F

Mixed alkyl thiophosphites 1,099]1.108| 1.165(1.960| 12.09| 25.6

Triethyl trithiophosphite 1,095(1.104( 1,157 (1.880( 10.61| 21.4

Propylene N,N-dimethylamldophosphite|1.072(1.082| 1.145|1.972| 16.95| 49.7
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Freezing-point determinatlions were not successful because of the ready
supercooling of the fuels to temperatures below -100° F.

Oxidants

The two oxidants used 1n these ignitlion-delay studies were obtalned
a8 supernatant liquids from 55-gallon aluminum drums. The red fuming
nitric acid (RFNA) contained approximately 3 percent water and about
20 percent niltrogen dioxide by weight. The white fuming nitric acid
(WFNA) met USAF Specification No. 14104. Since the investigation was
conducted over an extended period of time, an analysls was made of each
batch removed from the drums and is included in table IT, III, or IV.

RESULTS AND DISCUSSION
Mixed Alkyl Thiophosphites and Red Fuming Nitric Acid

Fifteen runs were conducted with mixed alkyl thiophosphites and
red fuming nitric acid at temperatures from 120° to ~-93° F and at sea-
level pressure and pressure altlitudes of 82,500 and 90,000 feet. A
sumary of the data is presented in table II. A plot of ignition delay
agalnst average propellant temperature at various inltial ambilent pres-
sures 1s shown in figure 2.

At sea-level pressure, the delays were essentlally constant at
about 3 milliseconds from 120° to -40° F. Below -40° F, they increased
relatively rapidly untll they reached almost 6 milliseconds at -95° F.
The over-all increase in ignitlon delay was actually quite small, being
only 3 milliseconis in a 200° F temperature interval. The short delays
are In contrast with prevliously reported results obtalned with a similar
apparatus in which a comparatively slow-opening propellant-valve mecha-
nism had been substituted for the quick-opening disk system (ref. 11).
The delays in the former apparatus were about fourfold longer at corre-

sponding temperatures which ranged from 80° to -70° F. The short delays
at the very low temperatures (below -80° F) are contrary to results
obtained with several open-cup apparatus (e.g., refs. 3 and 11), which
Indicate a sudden rise 1ln ignition delay in that temperature region with
various low-freezing-point aclids. An explanation for the difference
may be found in the relative lnsensitlivity of the small-scale engine to
viscosity effects (refs. 10 and 12).

At low initial ambient pressures and 120° F, the average ignition
delay was slightly longer (about 2 millisec) than that obtalned at sea-
level pressure and the same temperature. At a pressure altitude of
90,000 feet and -93° F, the delay was essentially the same as at sea-
level pressure and approximately the same temperature.

CONFIDENTIAL
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In accord with another reported observation (ref. 14), mixed alkyl
thiophosphites and nitric acld gave smooth starts and left clean com-
bustion chambers after reaction,

Triethyl Trithiophosphite and Red Fuming Nitric Acid

Eleven runs were made with triethyl trithiophosphite and red fuming
nitric acid at temperatures from 121° to -95° F and at sea-level pressure
and a pressure altitude of 90,000 feet. Table III presents a summary
of the data. Ignition delay - temperature relations at various initial
ambient pressures are plotted in figure 3.

The ignition characteristics of this propellant combination were
very similar to those exhibited by mixed alkyl thiophosphites and red
fuming nitric acld, even with respect to actual values of ignition
delay. At sea-level pressure, the average delays ranged from about 2.5
milliseconds at 120° F to almost 6 milliseconds at -95° F. At 121° F
and a pressure altltude of 90,000 feet, the delay was 2 milliseconds
longer than the one obtalned at the same temperature but sea-level
pressure. At low temperatures (< -70° F), the delays at pressure
altitudes of 90,000 feet were essentlially the same as the delays at
corresponding temperatures and sea-level pressure.

The similarities between triethyl trithiophosphite and mixed alkyl
thiophosphites also extend to physical properties (e.g., densitiles,
viscoglities, freezing point), smooth starts, and clean combustion
chembers.

Propylene N,N-dimethylamidophosphite and Red Fuming Nitric Acid

Eighteen runs were conducted with propylene N,N-dimethylemido-
phosphite and red fuming nitric acid at temperatures ranging from 132°
to ~93° F and at sea-level pressure and a pressure altitude of 90,000
feet. The experimental data and results are sumarized in table IV.

A plot of ignition delay - temperature relations at the two conditions
of initial ambient pressure is presented in figure 4.

Ignitlion delays at sea-level pressure were less than 2 milliseconds
at room temperatures and increased with decreasing temperature to about
8 milliseconds at -95° F.

In comparison with the two preceding fuels, the amidophosphite had
shorter average delays at the higher temperatures, but longer average
delays at the lower ones when red fuming nitric acid was the oxidant.
The cross-over point may be placed somewhere between 0° and -15° F. Al-

though the amidophosphite may have greater lgnition reactivity than
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elther of the two thlophosphite fuels, 1ts rapld rise in viscosity below
-40° F appears to mask its reactivity to some extent by decreasing the
mixing efficiency and thereby increasing the ignition delay.

As with the two preceding propellant combinations, the ignition
delay at about 120° F and a pressure altitude of 90,000 feet was sligntly
longer than the average delay at the same temperature and sea-level pres-
sure. At about -90° F, there was no significant difference between the
delay at a pressure altitude of 90,000 feet and the average delay at
sea-level pressure.

In comparison with the thiophosphites, the amidophosphite also gave
smooth starts; however, 1t left a heavy carbonaceous reslidue on the
combustion-chamber walls after each run. The amount of deposit decreased
with increasing initlial temperature.

Mixed Alkyl Thiophosphites, Triethyl Trithiophosphite, and Propylene
N,N-Dimethylamidophosphite with White Fuming Nitric Acild

Ignition-delay determinations of the three phosphite fuels were
also conducted with white fuming nitric acid. Conslderably fewer runs
were made with this oxldant.

In the mixed alkyl thiophosphites - white fuming nitric acid series,
the ignition delays, with one exception, ranged from an average of 5.5
milliseconds at 1206 F to about 6 milliseconds at -40° F, regardless of
initial ambient pressure (table II and fig. 5). The exception was a
delay of 11.5 milliseconds at 115° F and sea-level pressure (run 261).
No explanation can be offered for this anomaly at the present time,

The curve obtained with triethyl trithiophosphite was similar to
the one ylelded by mixed alkyl thiophosphlites, but was lower by about
1/2 millisecond (table III and fig. 6). As with the latter fuel, the
initial amblient pressure had no significant effect on ignitlon delay.

The amlidophosphite - white fuming nitric acid curve was determined
with more data than the preceding two (table IV ani fig. 7). At sea-
level pressure, the ignition delays ranged from about 2.5 milliseconds
at 140° F to approximately 4 milliseconds at -40° F. At a pressure
altitude of 90,000 feet, the delays at about 120° and -40° F were
approximately the same as the corresponding sea-level values.

In comparison with results obtained with red fuming nitric acid,
the thiophosphite fuels with white fuming nitric acid gave delays that
were about 2 mllliseconds longer over the comparable temperature range
of 120° to -40° F. In a similar comparison, the amidophosphite ylelded
delays that were slightly longer at room temperatures but approximately
the same between 20° and -40° F.

CONFIDENTIAL
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With respect to preignition characteristics with the amldophosphite,
the red fuming nitric acid is probably more reactive than the whilte
fuming acid; however, its greater vlscosity seems to work to its dis-
advantage, especially at the lower temperatures, by producing poorer mix-
ing and consequently longer delays. The same general trend is evident
with the thiophosphite fuels although 1t 1ls not as pronounced, possibly
because of their higher fluldities at low temperatures.

As with red fuming nitric acld, the thiophosphites with white
fuming acid left clean combustion chambers. In contrast, the amldo-
phosphite produced carbonaceous residues with both oxidants.

The ignition behavior of all three organophosphorus fuels with
white fuming nitric acid is similar to that reported in the literature.
In general, the actual delays are lower than published values for corre-
sponding temperatures. A similar comparison between various laboratorles
cannot be made with these fuels and red fuming nitric acid since no
experiments have been reported with comparable propellant combinations.

Discussion of Results at Subatmospheric Pressures

Ignition delays at low initial amblent pressures were not signifi-
cantly different from those at sea-level pressure, particularly at low
temperatures. The greatest effect of high altitude occurred with RFNA
at 120° F where the ignition delay increased from 1 to 2 milliseconds.
The effect of initial amblent pressure on ignition-delay results may be
explained by a consideration of the liquid mixing of the oxidant and
fuel Jjets. As dlscussed in reference 8, a propellant ejected into a
rocket chamber at low initial pressures changes rapidly from a diffuse
spray into a solid stream because of a pressure rise above its vapor
pressure. The rise is caused by propellant evaporution and evolution
of initial reaction gases. The rate of change depends on factors such
as propellant flow rate, chamber size, and propellunt vapor pressure.
At 120° F, the vapor pressure of RFNA was high enough to show a notice-
able increase in ignition delay. At lower temperctures, the vapor
pressures were not sufficlently great to make an appreciable differ-
ence in ignition delay between high-zltitude and sea-level conditions.

Since WFNA has a lower vapor pressure than RFNA (one-third less at
120° F), the effect of high altitude would be less with it than with
RFNA; thie premise was corroborated by the results.

SUMMARY OF RESULTS
Ignition-delay determinations of three organophosphorus fuels with

nitric acid oxidants were made at simulated altitude conditions with a
small-scale rocket engine of approximately SO pounds thrust.
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The results with low-freezing-point red fuming nitric aclds con-
taining approximately 3 percent water and 19 to 20 percent nitrogen
dioxide by welght are summarized as follows:

1. With mixed alkyl thlophosphites at sea-level pressure, the
ignition delays ranged from about 3 milliseconds at 120° F to approxi-
mately 6 milliseconds at -91° F. With the same propellant combination
at pressure altitudes of about 90,000 feet, the delays were about 2
milliseconds longer at 120° F than comparable delays at sea-level
pressure; however, this effect was not noted at the lower temperature
limit,

2. With triethyl trithiophosphite at sea-level pressure and at a
pressure altitude of 90,000 feet, the ignition delays from 120° to -95°
F were generally similar to those produced by mixed alkyl thlophosphites
and the same acid.

3. With propylene N,N-dimethylamidophosphite at sea-level pressure,
the ignition delays varied from about 1.5 milliseconds at 130° F to
8 milliseconds at -93° F., With the same combination at a pressure
altitude of 90,000 feet, the delay at 120° F was only slightly longer
(about 1 millisec) than the corresponding delay at sea-level pressure.
At -90° F, there was no significant difference at the two pressure
conditlons.

The results with white fuming nitric aclide meeting USAF Specifi-
catlon No., 14104 are summarized as follows:

1. With mixed alkyl thiophosphites, the 1gnition delays, with one
exception, ranged from an average of 5.5 milliseconds at 120° F to
about 6 milliseconds at -40° F, regardless of initial ambient pressure.

2. With triethyl trithiophosphite, the ignition delay - temperature
curve was simllar to the one produced by mixed alkyl thiophosphites,
but was lower by about 1/2 millisecond. The initlal ambient pressure
also had no significant effect on 1gnition delay.

3. With propylene N,N-dimethylamidophosphite at sea-level preesure:
the ignition delays varied from about 2.5 milliseconds at 140° F to
approximately 4 milliseconds at ~40° F. At a pressure altitude of
90,000 feet, the delays at about 120° and -40° F were essentially the
same as the corresponding sea-level values.

Smooth starts were observed with all six propellant combinations
in all runs. No explosions occurred in any of the experiments.
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Clean combustion chambers were always left by both thiophosphite
fuels regardless of the oxidant used. With the amidophosphite and
elther fuming nitric acid, heavy carbonaceous residues were always
deposited 1n the combustion chamber.

CONCLUDING REMARKS

In addition to the preceding experimental investigation, a survey
of the literature pertaining to the use of organophosphorus compounds
in rocket propellant comblnations was made and 1s reported in the appen-
dix. Both sources of information were utilized in obtalning a general
evaluation of these compounds with respect to further development andi
in formulating specific suggestions for new and possibly potentlally
outstanding rocket fuels. The appraisal and recommendations are summa-
rized as follows:

In general, trivalent organophosphorus compounds with low-molecular-
woelght alkyl substituents have excellent ignition characteristics with
various nitric acld and hydrogen peroxide oxidants over a wide temper-
ature range. Many of them possess desirable physical and chemical
properties. Many are also compatible with ordinary materials of con-
struction, have values of speciflc impulse over 200 pound-seconds per
pound, are not very toxic, and have good potentlal loglstic qualities,
particularly in that they can be produced cheaply in large quantitles
from readily available raw materials. Members of all of the organo-
phosphorus classes reported herein have been investigated as components
of various fuel mixtures wilth encouraging results.

Among the disadvantages of some of these compounds is atmospheric
instabllity due to elther hydrolytic action or oxidation or both. Most
of the compounds are also characterized by very disagreeable odors.

Amldophosphites and thiophosphites appear to be the outstanding
clagses investigated to date even though excessively corrosive reactions
in the combustlion chamber have been reported for some of them in englne-
performance tests. The three fuels investlgated experimentally and
reported herein represent good examples of these classes but, in many
respects, are certainly not the best obtainable. In the search for
better propellants, however, they perform a valuable function by serving
as well evaluated interim fuels untll superior ones are developed and
investigated.

Phosphonites seem to be the least attractive of all trivalent
organophosphorus compounds,
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From the review of the literature, there 1s evidence that certain
substituents, cyclic configurations, tertlary groupings, phosphorus-
sulfur bonds, and phosphorus-nitrogen linkages contribute to the 1g-
nition reactivity of organophosphorus compounds. With this information,
it is possible to make composites with these various structural com-
ponents and produce compounds with exceptlonally good rocket-fuel
characteristics. A few examples of the many possibilities are as
follows:

Ethylpropylene trithiophosphite

1
c—3
| >P——S——Et
C—=5

S S

N/

contains (1) the P configuration found to be strongly conducive to
3

spontaneous ignition, as in triethyl trithiophosphite for example, (2)
the general structure of the reactive tertiary cyclic phosphites, and
(3) the methyl side chain that reduces the freezing point considerably
under that of the ethylene compound. Thls compound will probably
oxidize in ailr, but perhaps not as readily as triethyl trithliophosphite
since two of the possibly influential sulfur atoms are tied up in a
ring.

Pyrrolidylpropylene trithiophosphite

c—s c—C
Se—s—(
s T

is similar to the preceding compound except that the ethyl radical is
replaced by a pyrrolldyl ring which is known to have substantially
improved the thermal stability of similar compounds. The higher mo-
lecular welght may detract somewhat from its performance.

Propylene N,N-dimethylamidodithiophosphite
-

N
L P R

CONFIDENTIAL




12 CONFIDENTIAL NACA RM E54AZ6

eliminates one P—S 1linkage, but introduces the amido group which
may be much more reactive. With no unrestricted phosphorus-sulfur
bonds, thls campound may be quite stable towards atmospheric oxidation.

Although many of the maJjor groups of organophosphorus compounds
have been investigated as sources for practical rocket fuels, there are
still many other classes which have not been studied. Since this field
of chemistry has already proved fruitful in the search for better rocket
fuels, it may be advantageous to explore other promising groups such
as the phosphinamides, phosphinimines, and phosphinites.

Lewls Flight Propulsion Laboratory
National Advisory Committee for Aeronautics
Cleveland, Ohlo, February 1, 1954.
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APPENDIX -~ LITERATURE SURVEY

Introduction

Historical review. - Until recently, a large branch of organic
chemistry, organophosphorus compounds, has been overlooked as a source
of possible rocket fuels. At the present time, however, investigatlons
into the organic chemistry of phosphorua are Increasing very rapidly
in many areas and its importance 1s becoming lncreaslingly apparent. An
inquiry into the possibllity of its use 1n rocket fuels was inevitable.

The foundation of phosphorus chemlstry as 1t 1s known today was
laid by Carl A. Michaells who emphaslized the purely synthetic aspect.
Many present references are attributed to Aleksandr E. Arbuzov, who is
noted for his excellent experlimental and theoretical contributions.
Although the sclentifically planned study of organophosphorus compounds
is more than 100 years old, no over-all literature surveys or summaries
were made untll 1938, when Plets wrote his Organic Compounds of Phos-
phorus, a difficultly available book with Russian text. A more recent
and complete treatment of the general aspects of the subject may be
found in English in reference 15. A survey of the work of Michaelis
and Arbuzov plus the information in reference 15 affordse an investigator
Interested in new rocket fuels a good background review of thls branch
of chemistry.

In spite of the vast amount of literature being accumulated on
organophosphorus compounds, adequate dlscusslon of the reaciion mecha-
nisms of these substances 1s nonsxistent. According to reference 15,
the situation 1s due largely to a lack of any truly comprehensive
studles along modern lines of such investigations.

An early reference to the reactivity of organophosphorus compounds
with varlous substances may be found in a Russlian article which deascribes
the synthesis and properties of mixed thio esters of phosphorous acid
(ref. 18). It is reported therein that these compounds are decomposed
by water, alkalies, and strong aclde. Nitric acld is especially vigor-
ous and leads to explosive decomposition. It was also found, as is now
well known, that all the esters are evil-smelling, unstable substances
that are easily oxlidized 1n air with the triethyl ester being especially
sensitive to oxygen.

Nomenclature. - At the present time, there 1s no universally
adopted system of nomenclature for organophosphorus compounds. Confusion
exists because the same compounds are often given different names and,
consequently, are asslgned to different subgroups which have widely
varying physical and chemical properties. Although the nomenclature in
this report may be at variance with some of the systems used in the
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various references that are cited, an attempt to establish uniformity
has been made by keeping 1t in conformance wlth reference 15, which
eliminatea class names that may later become obsolete and which brings
into closer relation several compound types that are set apart by
current practices,

Clagsification. - Organophosphorus compounds may be subdivided as
(1) phosphines, (2) halophosphines, (3) halophosphine halides, (4) phos-
phonyl halides, (5) quaternary phosphonium compounds, (6) tertiary
phosphine oxides, sulfides, and selenides, (7) phosphinous, phosphonous,
and phosphonic acids, and their esters, (8) phosphites, (9) halo-
phosphites, (10) phosphates, (11) halophosphates, (12) compounds with
phosphorus-nitrogen bonds, (13) quasi-phosphonium compounds, and (14)
sulfur analogues of the oxygen-containing compounds.
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Many of the classes in this list have been ".vestligated as sources
for practical rocket fuels. To date, the most promising substances in
the whole group are trivalent compounds among which certain amido-
phosphites and thiophosphites were found to be easy to prepare and to
have very deslrable chemical and physical properties as well as excel-
lent ignition qualities. These particular classes will be emphasized
herein.

Phosphines

General review. - Phosphlnes were among the first of the organo-
phosphorus compounds to be investligated as posalble rocket fuels. They
are very reactive substances, as are all derivatives of trivalent phos-
phorus (ref. 15). As a class, they possess the unpleasant character-
i1stic odor of phosphine and are somewhat toxic.

Although all phosphines are subjJect to oxidation, primary and
secondary phosphines (eapecially those containing lower aliphatic
radicals) are outstanding in their affinity for atmospheric oxygen.
The aromatic derivatives, especlally the tertiary forms, are rather
stable 1n thls respect, but are readily attacked by various oxidizing
agents (ref. 15).

Alkyl phosphines: Alkyl phosphines can be produced by the reaction
of olefins wilth phosphine, an attractive and feasible method for con-
verting hydrocarbons to hypergolic fuels (spontaneously ignitible with
an oxidant) on a commercially large scale (ref. 17). They can also be
prepared by the reaction of phosphorus trichloride with the correspond-
ing Grignard reagent (refs. 1 and 3).
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In qualitative open-cup igailtion tests at 75° F, various primary
phosphines (2-ethylhexyl, n-octyl, and dodecyl) and a secondary phos-
phine (di-2-ethylhexyl) had excellent ignition properties with various
nitric acid type oxidants: WFNA (probably 98 percent HNO;), RFNA (22

percent NO,), WFNA (90 percent HNOz), and nitrogen tetraxide (N,0,)

(refs. 3 and 18). These particular phosphines could be diluted with
n-heptane to 40 to 60 percent of the total volume and still remaln
hypergolic with WFNA (98 percent ENO;) and N,0,. In this respect, the

branched phosphines were better than the stralght-chain compounds. In
another open-cup apparatus (refs. 3 and 18), the same primary compounds
had ignition delays of 4 to 10 milliseconds at 75° and -40° F with

WFNA (probably 98 percent HNOs). In the qualitatlve open-cup apparatus

of refereace 17, certaln tertlary phosphines (trimethyl, tri-n-butyl,
and tri-gec-butyl) were found to be much less reactive than the primary
or seconiary compounds (refs. 3 and 18). The tri-n-butyl compound was
nonhypergolic under the particular test conditions., Another Investi-
gator found tri-n-propylphosphine to be very reactive with WFNA (> 95
percent HNO3) at room temperature but completely unsatisfactory in

reactivity at -40° F (ref. 1).

Alkyl phosphines have also been Investigated with hydrogen peroxilde
(Hzoz) as the oxidant. A summary of the results obtalnsd wlth an open-

cup 1gnition apparatus with neat compounds and some benzene blends 1s
shown in table V (refs. 18 and 19). The data indicate that alkyl
phosphines 1n general have good ignition qualities with hydrogen peroxide
oxidants (80 percent and 90 percent H,0,) as compared to the reactivity

of other hypergolic fuels with these oxidanta. The primary phosphines
appear to be slightly superior to the secondary and tertiary compounds.
As a consequence, the limiting dilution with benzene 1s less with the
tertiary phosphines than with the primary compounds.

Aryl phosphines: Aryl phosphines have been studied with varlous
nitric acld oxidants. Phenylphosphine ignited very rapldly with WFNA
(90 percent HNO;) (refs. 20 and 21), WFNA ( >95 perceat HNOz) (ref. 22),

and a mixed acid (ref. 21) in qualitative opea-cup ignition tests at
room temperature and at -40° F. Quantitative open-cup ignition experi-
ments with 90 percent nitric acid ylelded ignition delays ranging from
about 7 milliseconds at 70° F to about 15 milliseconds at -65° F (ref.
21). Although phenylphosphine is very reactlive, it is not very
practical as a fuel In the unblended form because it reacts spontaneous-
ly with air, and its combustion products are extremely toxic (ref. 20).

The usefulness of phenylphosphine as a blending agent has been

investigated. It was tried as an additive to jet fuel (JP-3), but, of
the total volume, 30 percent phenylphosphine was necessary to make the
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blend hypergolic (refs. 20 and 21). It was also added to 2-methyl-1-
buten-3-yne in an attempt to improve the ignitlon gqualitles of this
material, especially at low temperatures. With white fuming nitric
aclds (90 percent and >95 percent HNO3), a substantlal Improvement was

obtalned with 25 percent additive both at room temperature and at -40° F
(refs. 21 and 22). With mixed acid, the improvement was not satisfactory
at -40° F (ref. 21).

Economics. - A preliminary study of the cost and avallability of
alkyl phosphines is reported in references 3 and 18. Although no commer-
clal sources of the important raw material, phosphine, exist at the pre-
sent time because of a lack of demand, it should be possible to produce
the compound relatively cheaply since large quantitles of hydrogen and
phosphorus are avallable at low cost. DBecause phosphine reacts with
olefins in the Cg to Cyp range in 80 to 90 percent yields, it is estl-

mated that the corresponding alkyl phosphines can be produced at less
than 30 to 35 cents per pound. Branched alkenes are more easily avalla-
ble than stralight-chain olefilns; this 1s fortunate since phosphines
derived from the former have lower, and therefore more desirable, freez-
ing points than those obtalned from the latter.

Summary. - Phosphines are very reactive substances, but this desira-

ble gquality is somewhat offaset by their unpleasant odor and toxicity.
Although the primary and secondary compounds are outstanding among the

alkyl phosphines from the standpoint of ignition with various nitric
acid and hydrogen peraxide oxidants, they are among the most unstable

of all the phosphines in air. Aryl phosphines also possess satisfactory
ignition delays with nitric acld oxidants. In general, phosphines can
be diluted to a considerable extent with various hydrocarbons and still
remaln hypergolic. Alkyl phosphines are potentially avallable in large
quantities and at low cost.

Halophosphines

General review, - The investigation of halophosphines as possible
rocket fuels has been limited to probably one compound, ethyldichloro-
phosphine. Study of its ignition behavior has been confined to hydrogen
peroxide oxidants (ref. 3). It is exceedingly hypergolic with 90 per-
cent Hy0p and is even self-igniting with 60 percent H,0,. Excellent

ignition properties at low temperatures are obtained with H50> solutions
of NH,NO.

At room temperature, blends of ethyldichlorophosphine and toluene
to at least a 1:1 mixture by volume are hypergolic with 90 percent
H,0p. Blends with lesser amounts of toluene are self-igniting with
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80 percent Hy0, to -2° F and with H,0,-NH;NO; mixtures to -42° F
(ref. 3).

Summary. - Probably only one halophosphine has been examined for
possible rocket applications. The excellent 1gnition properties of the
compound, ethyldichlorophosphine, and various hydrocarbon blends with
hydrogen peroxide as oxidant indicate a need for further exploitation
of thils group.

Phosphites

General review. - The phosphites that have been of interest in
rocket applications are esters of phosphorous acid. Primary phosphites
are generally sirups that show monobasic properties and are very re-
sistant to oxidation (ref. 15). They may be regarded as existing in
the free state in the form of the keto structure, ROP(0)(OH)H, with
only one normally ionic hydrogen. It 1s probably because of these
characteristics that they have not recelved serlous consideration for
ugse as rocket fuels.

The secondary esters are essentially odorless liquids that can be
distilled in vacuo. Their lack of oxldizability 1s explalned by the
fact that, in the free state, they exlst substantlally in the keto form
instead of the (RO)2P(OH) form. Raman spectra and parachor measurements

for molecular structure determination show further that the substances
oxist in the free state in the form of associated, probably cyclic,
configurations that may be assigned dimer or trimer magnitudes (ref. 15).

The tertiary esters are posslibly the most reactive substances in
this class (ref. 15), and, consequently, have received the greatest
attention in the rocket fleld. In contrast to the other two groups,
these compounds are true derivatives of trivalent phosphorus and, as
such, they undergo the usual addition reactions including oxidation to
the corresponding phosphate. Trialkyl phosphites are oxidized rather
slowly to the corresponding phosphates by contact with atmospheric
oxygen (ref. 22). This stability 1s advantageous in situations where
long-term storage 1s often a serious problem. Tertiary esters in which
two of the phosphorus valences are ester-bound by a cycllic structure
(from glycol esterification) are known and have been examined for rocket
applications.

Phosphites serve as useful intermediates for synthesis of numerous
organophosphorus compounda. In addition to this transient utility, the
tertiary esters have found falrly extensive use as antioxldants, par-
ticularly in the field of oil additives (ref. 15).
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Phosphites that have been investigated as posslble rocket fuels may
be divided into two categories: acyclic and cyclic. This particular
separation differentiates them quite sharply with respect to ignition
characteristics.

Acyclic phosphites: In the acyclic group, dialkyl phosphites were
found to have poor ignition qualities. Sodium diethyl phosphite 1n
toluene (30 percent by welght) and diethyl phosphite would not ignite
in an open-cup ignition apparatus at room temperature or -40° F with
elther WFNA (> 95 percent HNOz) or a mixed acid (ref. 22). Paraffinic,

olefinic, and acetylenic tertiary compounds were also tested 1in the same
apparatus. There 1s no apparent correlation among their ignition reac-
tivities. With WFNA (90 percent HNOS) and various mixed aclds, trimethyl

and tripropargyl phosphites ignited satisfactorlly at room temperature
(ref. 21), whereas the triethyl (ref. 24) and triallyl compounds (ref. 21)
yielded unacceptable delays (> 1 sec to ®). At -40° F, however, no
ignition was possible except with trimethyl phosphite and WFNA (90 per-
cent HNOz) (ref. 21). With WFNA (>95 percent HNOz), the same tertiary

compounds with the exception of the triple-bonded one had excellent
ignition characteristics at room temperature (ref. 22); the latter did
not ignite. At -40° F, the trimethyl compound was agaln the only cne
that would ignite.
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Cyclic phosphites: In the cyclic group of phosphltes in which the
phosphorus 1s in a ring system, only tertiary compounds have been 1in-
vestigated. In contrast to the acyclic phosphites, the cyclic compounds
possess considerably greater lgnitlion activity. Various compounds
tested in an open-cup ignitlon apparatus with several nitric acid
oxidants all had good ignition properties at room temperature and in
general had similar characteristics at -40° F (refs. 1, 21, 22, and 24).
A summary of the results of these experiments 1s shown in table VI. 1In
similar tests, one of the compounds, ethyltrimethylene phosphite, 1g-
nited vigorously with 3202 (90 percent) at room temperature and -40° F

(ref. 1). Another one of the compounds, methylethylene phosphite,
ylelded ignition delays of 20 milliseconds at 68° F and 40 milliseconds
at -40° F with WFNA (> 95 percent HNOS) in another ignition apparatus

(ref. 1). In this apparatus and with the same acid, ethyltrimethylene
phosphite gave a delay of 50 milliseconds at -40° F (ref. 1).

One undesirable chemical property generally possessed by these
cyclic phosphites 1s the ring opening obtained upon hydrolytic treatment
(ref. 15). It usually takes place quite vigorously.

Cyclic phosphite blends: The reactivity of these cyclic compounds
suggested their use as blending agents for inducing or enhancing hyper-
golic action of a fuel that is desirable in other respects. Neither
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2-methyl-l-buten-3-yne (ref. 21) nor JP-3 (ref. 1) are hypergolic with
mixed acids at -40° F; however, good ignition characteristics were ob-
tained with solutions of these compounds containing 25 percent by volume
of propargylpropylene phosphite. The effects of the addlitive decrease
rapidly with decreasing concentration. A similar amount of the same
phosphite in the alkenyne did not make it hypergolic with WFNA (90 per-
cent HNOz) (ref. 21). Although methylethylene phosphite seems to be

more reactive than the propargyl compound according to table VI, 25 per-
cent by volume of 1t in the same alkenyne could not produce spontaneous
ignition when mixed with WFNA (> 95 percent HNO;) at either room temper-

ature or -40° F (ref. 1).

Summary. - The most reactive phosphites are the tertlary esters.
Of these, the cycllic compounds possess the greatest ignition reactivity.
Although the latter may be satlsfactory for certain rocket applications,
they generally suffer ring opening on hydrolytic treatment and, there-
fore, serve a much better purpose by acting as intermediates for syn-
thesis of other organophosphorus compounds.

Halophosphites

General review. - Halophosphites may be regarded as ester halides
of the parent phosphorous acid. They are usually liquids which resemble
the trichloride in their general appearance and behavior (ref. 15).
Since the trihalides are similar to the halophosphites and since they
may be regarded as phosphites in which all three of the (OR) groups have
been replaced by halogen, these compounds will also be included in this
gection.

Primary dihalophosphites are usually very stable to heat, with the
chloro derivatives being best in this respect (ref. 25). On the contra-
ry, the secondary monohalophosphites are usually unstable thermally and
in prolonged storage (ref. 15). As phosphites, halophosphites serve as
useful intermediates for the synthesis of many organophosphorus compounds.

Cyclic halophosphites: Excluding the phosphorus trihalides, cyclic
secondary monohalophosphites are probably the only halophosphites that
have been investigated as rocket fuels to the present time. In a
qualitative open-cup apparatus, ethylene chlorophosphite had excellent
ignition characteristics with WFNA (> 95 percent HNOS) and a mixed acid

at room temperature and -40° F (ref. 22). The ignition reactivity of
propylene chlorophosphite tested under the same conditions was almost
as good (refs. 21, 22, and 24). This compound also ignited satisfacto-
rily with WFNA (90 percent HNOz) at the same temperatures (ref. 24).
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Trimethylene chlorophosphite ignited very rapidly with WFNA (> 95 per-
cent HNO;) and hydrogen peroxide (90 percent) at room temperature and

-40° F (ref. 1). 1In quantitative open-cup ignition apparatus, ethylene,
trimethylene, and propylene chlorophosphites with WFNA (> 95 percent
HNO3) ylelded delays of 23 milliseconds (refs. 1 and 22), 17 milli-

seconds (ref. 1), and 29 milliseconds (ref. 1), respectively, at -40° F.
The ethylene compound was also tested with the same acld at other
temperatures, ylelding delays of about 15 to 23 milliseconds at 68° to
70° F (refs. 1 and 22) and about 25 milliseconds at -70° F (ref. 22).
Another laboratory reports a delay of only 9 milliseconds at -70° F for
the propylene ester and WFNA contalning approximetely 4 percent water
and 4 percent sodium nitrite (ref. 26).
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Ethylene chlorophosphite has been utlilized as an iganition-upgrading
blending agent. A solution of this compound in 2-methyl-l-buten-3-yne
(25 percent by volume) reduced the ignition delay of the latter with
WFNA (>95 percent HENOz) to 15 milliseconds at room temperature (ref. 22).

At -40° F, however, the delays were long (about 130 millisec) and erratic.

A major drawback in the use of halophosphites as rocket fuels is
the hydrolyseils of most of the compounds. Water reacts with halophosphites
to form the corresponding phosphites (primary or secondary). Propylene
chlorophosphite, for example, 1s chemically unstable when exposed to a
humid atmosphere (ref. 26).

Phosphorus trihalides: Phosphorus trihalides have been tested
with both nitric acld oxidants and hydrogen peroxide. In experiments
at 70° and -40° F in a modified open-cup apparatus, the trichloride did
not ignite with either WFNA (98 percent HNOz) or RFNA (8 percent NO,)

(ref. 11). Another laboratory advanced the hypothesis that compounds
contalning a phosphorus-halogen bond are extremely reactive towards
hydrogen peroxide (refs. 18 and 19). It was supported in part by the
fact that PBr, and PCl, are both hypergolic with H,0, (90 percent).

The trichloride was less reactive than the tribromide (ref. 19) and had
a long delay of 14 seconds at room temperature (ref. 18). It has also
been shown that fuels containing small amounts of phosphorus halides
are improved with respect to self-igniting qualities with hydrogen
peroxide (ref. 3). .

Economics. -~ Cyclic phosphites of the type discussed in this
section have been known for a long time, but could not be prepared in
high ylelds until recently (ref. 27). Ethylene chlorophosphite, for
example, has been produced in essentially quantitative ylelds according
to the following equation (ref. 1):
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H,C—OH Cl HzC——O\\
P—Cl + 2HC1

+ pP—Cl — //
H,C—OH CI// H,C—O

ethylene phosphorus ethylene hydrogen
glycol trichloride chloro- chloride
phosphite

In turn, this chloride has been reacted with alcohols, mercaptans, and
amines in good ylelds (ref. 1). With relatively cheap raw materials
that are readily available, these compounds can be produced potentially
in large amounts at low cost,

Summary. - Excluding the phosphorus trihalides, cyclic secondary
monchalophosphites are probably the only halophosphites that have been
investigated as possible rocket fuels to the present time., Although
these particular compounds all have excellent lgnition characteristics
and can be produced potentially in large amounts at low cost, they have
the disadvantage of belng chemlcally unstable in contact with water.
They serve a useful purpose, however, as intermediates in the synthesis
of other, more stable organophosphorus rocket propellants.

Amidophosphites and Amidohalophosphites

General review. - The rocket fuels discussed in this sectlion are
amides of phosphorous acld esters and halldes, and blends of these
gubstances with various hydrocarbons and other compounds. A summary
of the results obtained with an open-cup ignition apparatus for several
neat members of this group with hydrogen peroxide and several nitric
acld oxidants at room temperature and at -40° F is given by table VII.
In general, these compounds have excellent 1gnition characteristics.
The few fuels which were rated lower than "10" (table VII) either had
no N-alkyl substitutions or contalned alkyl substituents with more than
two carbon atoms. Of interest is the monochloro compound, N, N, N',
N'-tetramethyldiamidochlorophosphite, which bursts into flame when
poured into water (ref. 1).

In another open-cup apparatus, one of the acyclic triamides,
N,N,N',N',N",N"-hexamethyltriamidophosphite, was hypergolic at -78° F
with a low-freezing-point white funing nitric acld contalning 4 percent
KN03 and 4 percent H20 (ref. 28). This fuel, as well as its hexaethyl

homologue, was self-igniting even with WFNA (70 percent HNOS), presuma-~

bly at room temperature (ref. 28). The latter fuel was crude, probably
containing N,N,N',N'-tetramethyldiamidochlorophoaphite. It was extremely
reactive, being hypergolic with 80 percent H,0, at -20° F (ref. 19).
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Preliminary drop tests of various distillatlon fractions of two
relatively new fuels (di-g—propyl N,N-dimethylamidophosphite and
di-n-propyl N,N-di-n-butylamidophosphite) with WFNA ( > 95 percent HNOz)

generally gave excellent ignitions (ref. 29). The evaluation of these
campounds as rocket propellants 1s in progress (ref. 29).

OT1ic

Actual values of 1gnitlon delay for many of these compounds have
been obtained with various open-cup ignition apparatus and are listed
in table VIII. In this group, the fuel with the shortest delay 1s a
cyclic compound, ethylene N-methylamidophosphite. With WFNA (> 95
percent HN03), it yielded a delay of only 6 milliseconds at -40° F.

All halophosphites listed in this table react with water. One of them,
N,N,N'~trimethyldiamidochlorophosphite, actually ignites when poured
into water. In the subgroup of cyclic amidophosphites, the propylene
compounds are more desirable than the corresponding ethylene homologues
slnce the side-chain methyl group reducea the freezing point consider-
ably without appreciably affecting the other Iimportant properties, It
was also found that the addition of a pyrrolidyl ring substantially
improves high-temperature stabllity. In reference 30 the most thermally
stable material tested was a phosphorous trilamide with a pyrrolidyl ring.

Small-scale rocket engines have also been used to measure ignition
delays of amidophosphites. With an engline of 50 pounds thrust, propylense
N,N-dimethylamidophosphite gave delays of 12 and 14 milliseconds with
RFNA (11.4 percent NO,) and WFNA (2.4 percent NOy), respectively,

(ref. 31). The experiments were probably made at room temperature.

Operational screening tests in a 70-pound-thrust rocket engline at
300 pounds per square inch absolute chamber pressure have been con-
ducted with propylene N,N-dimethylamidophosphite and WFNA (ref. 14).
With an acld lead and various oxldant-fuel ratios, extremely smooth
starts and clean, stable combustion were obtained. A maximum specific
Impulse of 182 pound-seconds per pound at an O/F of 2,0 was only 81
percent of theoretical. The runs were characterized by excessive
corrosive action in the combustion chamber, particularly in the nozzle
section.

Amidophosphite blends: Because of thelr reactivity, amidophosphites
have been studied extensively as blending agents. Many of the compounds
listed in tables VII and VIII as well as others reported only in blends,
such as ethylene N,N-di-Z-ethylhexylamidophosphite, have been utilized
to enhance the ignition characteristics of two acetylenic hydrocarbons,
2-methyl-l-buten-3-yne and 1,6-heptadiyne, both of which are attractive
from the standpoint of potential avallability and low cost (refs. 1, 4,
21, 22, 30, and 32). Ignition experiments were also conducted with
mixtures of amidophosphites and other hydrocarbons such as JP-3,
isooctane, n-heptane, and toluene (refs. 1, 4, and 30), A few blends of
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amidophosphites with one another have been investigated (refs. 32). Some
tests were also conducted with an acetylenlc amine-trlamide mixture

(ref. 1). In many cases, performance characterlstics, physical proper-
tles, storabillity, thermal stability, toxiclty, and mechanical shock
stability of these mixtures are reported along with the ignition charac-
teristics In the same references. In general, the triamldes are the

nost eoffective ignition upgraders. In this subgroup, N,N' ,N"-trimethyl-
triamidophosphite 1s outstanding in this respect (ref. 4).

Economics. - If produced in quantities of 50,000,000 pounds per
year, any one of the preceding desirable amidophosphites can be manu-
factured to compete with prevalling hypergolic rocket fuels. Based on
satisfactory physical properties, good performance, and short ignition
delays with WFNA, one of these compounds, propylene N,N-dimethylamido-
phosphite, was chosen for a more extensive, as well as intensive, in-
vestigation. Its toxicity, corrosiveness, storage stability, thermal
stability, impact stability, and compatibility with containing sub-
stances were reported as belng satisfactory (refs. 30 and 33). It can
be made from starting materlals that are readlly avallable in commercial
gquantities with a cost of about 35 cents per pound. Production has
already reached the pilot-plant stage (ref. 33).

Sumnary. - In general, amidophosphites with N-alkyl substitueats
and small alkyl radicals have excellent ignition characteristics. In
additlon, many of them meet most of the Bureau of Aeronautics target
requirements for rocket fuels. Although limlited englne teats indicate
extremely smooth starts and clean, stable combustion with these com-
pounds, some trouble may be encountered with excessive corrosive action
in the combustion chamber. Because of their reactivity, amidophosphites
have been studled extensively as fuel blending agents. The triamides
appear to be the most effective 1gnition upgraders.

Except for hydrolytic reactivity, amidohalophosphites possess the
same desirable qualities as the amlidophosphiltes.

Thiophosphites, Halothliophosphites, and Amidothiophosphites

General review. - The rocket fuels discussed in this section are
esters, ester halides, and amides of thlophosphorous acids. The esters
may be prepared by the reaction of phosphorus trichloride with a mercap-
tan (ref. 34) or by the reaction of yellow phosphorus with alkyl disul-
fides (ref. 35). The latter process is more desirable because the
procedure 1s simpler, the yleld is much higher, and the product has a
narrower boiling range (ref. 3). Also, the raw materials are potentially
available at a low cost. Infrared analyses 1ldentify P=S bonds in
products obtained by both methods and indicate the following possible
equilibrium (ref. 28);
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A similar reaction is known for the oxygen analogue.

In addition to their usefulness as rocket fusls, thiophosphorous
acld esters are good extreme-pressure-lubricant additives (ref. 36).
Triethyl trithiophosphite by itself 1s a bstter lubricant than conven-
tional petroleum oils, but 1t 1s not as effective as extreme preassure
lubricants themselves (ref. 37). Since most liquid lubricants used in
rocket hardware are dissolved by thiophosphites, the latter can replace
them and perform their functions in certain applications (ref. 37).

Triethyl trithiophosphite: As a group, thiophosphlites have not
been investigated as extensively as some of the others with respect to
total number surveyed; however, one of its tertlary members, triethyl
trithlophosphite, has probably been studled as a possible rocket fuel
by more laboratories than any of the other organophosphorus compounds.
Blends of this ester with various hydrocarbons have received & compara-
ble amount of attentlon. In additlon to 1ts desirable physlcal proper-
ties and short ignition delays with nitric acid oxidants, one of the
reasons for 1ts wide investigation 1s 1ts selectlon as a reference fuel
in an 1gnition-delay-apparatus standardization program formulated
during a conference on "Rocket Fuels Derivable from Petroleum" held in
San Francisco in March, 1952. KEleven organlzations particlpated in
this program. The results of thelr tests are summarized 1n reference
38, In addition, several of the participants released separate reports
of all or portions of their data (e.g., refs. 3, 11, 31, 39, and 40).
Open-cup and small-scale rocket englne apparatus were both used in the
investigation. The experiments were conducted at 75°, 32°, and -40° F
with WFNA ( > 98 percent HNO3) and triethyl trithiophosphite blends

contalning 0, 10, 20, 30, and 40 percent by volume of n-heptane. 1In
many instances, the results for the same conditions varied by a whole
order of magnitude between the varlous organizations. At each test
temperature, the lowest average values were less than 10 milliseconds
for the neat compound. The delays generally Iincreased with an 1ncrease
in the amount of diluent. Tane reported effects of temperature, however,
were inconsistent; there was either an increase, a decrease, or no change
in ignition delay with a decrernse in temperature. At the extreme con-
ditions of -40° F and 40 percent n-heptane, the lowest average delay was
32 milliseconds. In addition to the different methods used for determin-
ing ignition delay, part of the variance In results may be attributed

to the extent of oxidatlon of the fuel at the time of experiment.
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Triethyl trithlophosphite has been tested with various other nitric
acld oxidants. With WFNA contalining 4 percent water and 4 percent
sodium nitrite, it yielded an ignition delay of 17 milliseconds at -70° F
(refs. 26 and 40). With a similar oxidant, the delay was 11 milli-
gseconds at -70° F (ref. 26). With a blend of anhydrous WFNA (85 percent
by volume) and methane sulfonic acid (15 percent by volume), the delay
was only 8 milliseconds at the same temperature (ref. 41). It also
lgnited with N;0, and Hy;O0, In an open-cup apparatus; however, there was

a long delay with the latter oxidant (ref. 41).

Trimethyl trithiophosphite and other homologues: Some of the homo-
logues of triethyl trithiophosphite have also been investigated. Tri-
methyl trithiophosphite 1s reportedly more reactive than the triethyl
ester (ref. 28). At room temperature, i1t yielded very short delays with
WFNA (probably 97 percent HNOz) and WFNA containing 4 percent H,O and

4 percent KNOz (ref. 28). At low temperatures (< -70° F), the delays

were 8till very short. An ester product prepared from methylethyl
disulfide gave similar results (ref. 28). Another laboratory reported
a delay of only 6 milliseconds at -70° F for the trimethyl ester and a
low-freezing-point WFNA containing sodium nitrite (ref. 26). This is
5 milliseconds less than that obtalned with the triethyl ester under
the same conditions (ref. 26) and 1s in accord with reference 28 with
respect to the order of relative reactivity between these two compounds.
Hypergollc activity decreases with increasing size of the alkyl groups
(ref. 28). Tri-n-propyl and tri-n-butyl trithlophosphites have poor
1gnition characteristics. The same relative ignition relations among
these homologues exist with 90 percent H,O, (ref. 18).

Mixed alkyl thlophosphites: There is a considerable amount of
interest in a fuel known as mixed alkyl thiophosphites which has an
over-all average molecular weight about equal to that of triethyl
trithiophosphlte. Its 1gnition properties are also simllar to those
of the triethyl ester (refs. 17, 18, 26, 30, and 42). Delays of less
than 10 milliseconds with WFNA (> 97 percent HNOz) at room temperature
heve been reported ln an open-cup apparatus (ref. 11) and a small-
scale rocket engine (ref. 39). Another investigator compared this
fuel and WFNA containing 4 percent HZO and 4 percent NaN02 with triethyl

trithiophosphite and the same oxidant with the following results
(ref. 26):

Fuel Average ignition delay, millisec
-40° F -70° F
Mixed alkyl thiophosphites 8 27
Triethyl trithiophosphite 9 17
CONFIDENTIAL
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The effect of temperature on the ignition delay of mixed alkyl
thiophosphites with low-freezing-point blends of WFNA and various
nitroparaffins is reported in reference 3. Thes addition of nitro-
paraffin to acld increased igaltion delay only slightly at room temper-
ature and considerably at -40° F. This fuel has also been tested with
90 percent H,Op, probably at room temperature (ref. 3). An unsatis-

factory delay of 75 milliseconds resulted.

Engine experiments: Tests wlth WFNA and trimethyl and triethyl
trithiophosphites have been conducted in a rocket engine of 220 pounds
thrust (ref. 26). With both fuels, starting was smooth, but the spe-
cific impulses were lower and the exhaust products were smokler than
those obtained with mixed butyl mercaptans. Similar results were ob-
talned with the triethyl ester and with mixed alkyl thiophosphites in
a smaller engine of 70 pounds thrust (ref. 14). Stable combustion was
obtained over the entire range of oxidant-fuel ratlios used 1n the tests.
Values of maximum specific Impulse were far below theoretical values
as shown 1n the following table; however, these performance figures
should be considered as qualitative since an optimum test vehicle was
not used.

3110

Fuel Theoretical Experimental Percent
performance, performance of theo-
cootitbriun  |Maximm | Oxidanto| TOtioal

specific [ fuel

Maximum |Oxldant-|impulse, |ratio

specific |fuel lb-sec/1b

impulse, |ratio

1b-gec/1b
Triethyl trithlophosphite 196 2.9 180 2.3 92
Mixed alkyl thio- 213 2.4 186 2.6 87

phosphites

In these tests, the combustion products were found to be extremely corro-
slve to the stainless-steel chambers and nozzles at the engine operating
temperatures and pressures. The combustion chamber had a clean scrubbed
appearance after each test.

Alkyl thiophosphite blends: Both mixed alkyl thiophosphites and
triethyl trithiophosphite have been blended with various hydrocarbons.
Some studies have been conducted with alkyne mixtures and WFNA; the
results are shown 1in the following table:
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Fuel Diluent Amount Ignition delay, millisec |Ref-
of er-~
WFNA WEFNA
g:ig:ﬁ:’ (90-percent| ( > 95-percent | °2C¢®
by ENOz ) HNO5 )
volume -40° F |Room |-40° F
temper -
ature
Mixed alkyl 2-Methyl-1- 50 80 -- 40 |30
thiophosphites| buten-3-yne
Mixed alkyl 1,6-Heptadiyne 50 No ~ No 30
thiophosphites lgni- igni-~
tion tion
Triethyl tri- 2-Methyl-1- 75 -- 65 170 |1,
thiophosphite buten-3-yne 22
Triethyl tri-~ 1l,6-Heptadiyne| 50 -- — No 4,
thiophosphlte igni-|43
tion

Mixed alkyl thiophosphites blends with n-~heptane, dilsobutylene,
and toluene have also been reported (ref. 187; but, because of faulty
instrumentation, the values of ignition delay were later questioned
(ref. 3).

A 1:1 blend of triethyl trithiophosphite and n-heptane falled to
ignite at ~70° F with an 85:15 blend of anhydrous WFNA and methane
sulfonic acid (ref. 2). Various mixtures of triethkyl trithiophosphite
and the ethyl mercaptal of acetaldehyde yielded short delays at -70° F
with a blend of anhydrous WFNA and methane sulfonic acld; however, none
of the fuel blends had a delay as short as the 8 milliseconds given by
the neat thiophosphite (ref. 41).

Blends of trimethyl trithiophosphite wlth unsaturated hydrocarbons
have been investigated as a means of decreasing the low-temperature
viscosity and the freezing point of the phosphorus compound (ref. 29).

A summary of the data 1s given in table IX. As shown by the table,
blends containing from O to 40 volume percent hydrocarbon generally have
excellent delays at -65° F. Dilution studies of the trimethyl ester
with benzene have been made with 80 percent and 90 percent Hzoz as

oxidants (ref. 3). As little as 30 percent by volume of thiophosphite
in benzene 1s hypergolic with S0 percent H,0, at room temperature.

Cyclic thiophosphites: Some cyclic thiophosphites in which sulfur
is not in the ring with phosphorus have been studied. S-ethylethylene
thiophosphite (z-ethylmercapto-l,3,2-dioxaphospholane) and S-ethyl-
propylene thiophosphite (4-m9thyl-2-ethylmercapto-l,s,z-dioxaphospholane)
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would not ignite properly with either WFNA ( > 95 percent HNOz), or
90-percent H;0, (ref. 1). These results are in contrast to those ob-
tained with the oxygen homologues (see section on Phosghites).

An unnamed cyclic thlophosphilte,

—0 C,H
\P—N/ i
Hzc—-s/ A\

in which sulfur and phosphorus are in the same ring was tested with
WFNA contalning 4 percent HZO and 4 percent NaNOz. From the structure,

the substance could possibly be called S,0-ethionylene N,N-diethylamido-
thiophosphite or 4-oxy-2-diethylamino-l-thla-3-oxa-2-phospholane. At
72° and 0° F, 1ignition delays of 10 and 60 milliseconds, respectively,
were obtained (ref. 2). Its difficult preparation and long ignition
delay at 0° F eliminated this compound from further consideration as a
rocket fuel.

3110

CoHs,

Aryl thiophosphites: An aromatic compound, tritolyl trithiophos-
phite, has been prepared in good yleld; however, it was not studied
exteneively because of 1ts poor ignition qualities (ref. 3).

Halothiophosphites: Only a small amount of work has been done
with halothiophosphites. Diethyl chlorodithiophosphite is hypergolic
with 90-percent H,0, at room temperature (ref. 18). Ethyl dichlorothio-

phosphite has an ignition delay of 50 milliseconds at -70° F with WFNA
containing approximately 4 percent water and 4 percent sodium nitrite
(ref. 26). This 1s conslderably greater than the < 20 milliseconds
yielded by triethyl trithiophosphite with the same oxldant in the same
apparatus. Both of the halophosphites were hgpergolic with 80-percent
Hy0, containing 30-percent NH4N03 down to -52¥ F but with considerable

delay (ref. 3). Of the two, the dichloro compound gave the shorter
delay. S,0-Ethylene chlorothiophosphite (2-chloro-1-thia-3-oxa-2-
phospholane) vas very hypergolic with WFNA (> 97 percent HNOz) in an

open-cup ignition test (refs. 3 and 18). It 1s an example of a cyclic
halothiophosphite in which the sulfur is in the ring with phosphorus.

Amidothiophosphites: With respect to ignition reactivity, the
most promising of all organophosphorus compounds 1s an amidothiophos-
phite. The substance, ethyl N,N,N',N'-tetramethyldiamidothiophosphite
(bis-dimethylamido-ethyl- thiophosphite), gave a very low ignltion delay
of only 3 milliseconds at -70° F with both WFNA containing 4 percent
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water and 4 percent sodium nitrite and a 1:1 blend of anhydrous WFNA
and methane sulfonic acld (ref. 2). It also ignites readily with N0y

and Hzoz‘(ref. 41). Its main disadvantage at the present time is 1its

poor over-all yleld (about 35 percent) on preparation (ref. 41). Con-
trary to expectations, the lower-molecular-weight homologue, methyl
N,N,N',N'-tetramethyldiamidothiophosphite, had much longer delays with
the WFNA-NaNO, oxident as shown in the following table (ref. 41):

Homologue |Ignition delay, millisec
-40° F ~70° F
Methyl 12 20
Ethyl ) 3

Physical properties. - Several alkyl thiophosphites meet many of
the Bureau of Aeronautics target requirements and are, therefore,
potentially attractive as major rocket fuels. Thelr boiling points are
high, specific gravities are greater than unity, vapor pressures are
low, and melting points are below -70° F with some mixtures fusing
below -100° F (ref. 3). 1In addition, they remain quite fluld at low
temperatures and are easily supercooled. Thelr disagreeable odors,
however, constitute an annoying disadvantage. Other disadvantages are
a decrease 1n hypergoliclty and an Increase in density and viscosity
with air oxidation. Sensitivity to gun formation has also been reported
(ref. 37).

Chemical properties. - Thiophosphites are not affected by water or
steam at 212° F; however, hydrolysis may occur at higher temperatures
(ref. 3). The thermal stability of some alkyl homologues is favorable
even at about 400° F (refs. 3, 4, and 44). They can be stored without
difficulty for long periods of time provided that atmospheric oxygen
is excluded (ref. 3). In general, alkyl thiophosphites are about as
toxic as aniline (refs. 3 and 26).

Economics. - Raw materilals are available in sufficient quantities
to exceed by far the requirements for 100 million pounds per year of
thiophosphites (ref. 3). Cost calculations indicate that they can be
manufactured to sell between 20 and 30 cents per pound based on an
annual production of 15 milllon pounds per year. Large production
can reduce the cost to a point that is less than that of rocket fuels
currently used or considered for use (ref. 3).

The wldening interest in alkyl thlophosphites resulted in a confer-
ence sponsored by the Alr Force 1n Chicago on March 12, 1953, in which
a discussion was held on the evaluation, production, and applications of
these fuels (ref. 45).
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Summary. - Of the few thiophosphites that have been investigated
for rocket applications, triethyl trithiophosphite has probably been
studied more extenslively than any other organophosphorus compound.

This and other low-molecular-welght alkyl thlophosphites are potentially
attractive as major rocket fuels because they meet many of the Bureau

of Aeronautices target requirements. They possess several disadvantages,
however. Thelr ready oxidation in air 1s accompanied by a decrease in
hypergolicity and increages 1n denslty and viscoslty. Although they
produce a clean, stable combustion, the exhaust gases are smoky and the
combustion products are very corrosive, particularly in the nozzle
section.

3110

With respect to ignition delay, aryl thiophosphites, cyclic thio-
phosphites, and halothlophosphites are not as good as the low-molecular-
welght alkyl esters. In contrast, the most promising of all organo-
phosphorus compounds investigated to date 1s an amidothlophosphite with
very low delays at low temperatures. Its maln dlsadvantage at the
present time 1s a poor over-all yleld in preparation.

Phosphonites

General review. - Very little work has been done with esters of
phosphonous aclids as prospectlive rocket fuels. Even though only a few
compounds have been investigated, they are distributed among several
different subdivisions of this class (refs. 1, 20, 21, 22, and 24). A
sumnary of ignition data obtalned in an open-cup apparatus at room
temperature and -40° F with several nitric acid oxidants is shown by
table X. Although the resulte obtained with sach particular compound
are not necessarily representative of its category, a tentative order
of decreasing ignition reactivity may be indicated as follows;:

halo > paraffinic > cyclic > olefinic > amido

The position of the amldophosphonite may be attributed to 1ts relative-
ly large Cs; groups.

In another apparatus, the halo compound, benzenedichlorophosphonite,
ylelded delays with WFNA ( > 95 percent HN035 of about 35 and 110 milli-

seconds at 70° and -40° F, respectively (ref. 22). With the same acld,
a 25 percent by volume blend of this phosphoalte with 2-methyl-l-buten-
3-yne gave a long delay of 355 milliseconds at room temperature (ref.
22) and no ignition at -40° F (ref. 1).
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Sumary. - Ignition-delay data from the few phosphonites that have
been investlgated 1indicate that thls group of organophosphorus compounds
is not as satisfactory a source of rocket fuels as several of the others
already discussed.

Miscellaneous Organophosphorus Compounds

All compounds discussed in the preceding sectlons were synthesized
and tested at least with respect to their ignition characteristics.
There are a few compounds which cannot be classifled conveniently in
any of the foregoing categories or which have no information about them
in rocket literature aside from some calculated performance data and
egtimated heats of formation. A summary of such data 1s shown in
table XI.

Very few pentavalent organophosphorus compounds have ever been
consldered for use 1n propellant combinations. Some work with trialkyl
tetrathlophosphates leads to a tentative concluslon that they have
1ittle practical value as rocket fuels (ref. 28).
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TABLE i. - TARGET REQUIREMENTS FOR ROCKET FUELS

FORMULATED BY BUREAU OF AERONAUTICS (REF. 1)

Density
Boiling point
Melting point
Viscosity
Toxicity

Physical state

Stability

Logistics

Ignition
characteristics

Specific
impulse

Materials of
construction

Above 0.985 g/cc
)
Above 170" F
Below -90° F
Free flowing at temperatures between -90° and 170° F
Relatively nontoxic

Liquid desirable; however, gases with low vapor
pressures are acceptable

Compounds should be resistant to chemical and thermal
check, and should be stable during storage periods
of six months to one year

Compounds should be capable of being produced in
tonnage quantities and at a cost of below 25 cents
per pound

Compounds should be easily ignitible (spark or spon-
taneous ignition) with such common oxidizers as
liquid oxygen and fuming nitric acid

Calculated values of above 270 lb-sec/lb with liquid
oxygen or white fuming nitric acid are desirable

Compounds should be compatible with such materials of

construction as mild steel, aluminum, and their
alloys
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TABLE V. - SUMMARY OF IGNITION DATA FOR NEAT AND BENZENE-DILUTED

ALKYL PHOSPHINES WITH HYDROGEN PEROXIDES AT VARIOUS TEMPERATURES
IN OPEN-CUP APPARATUS (REFS. 18 AND 19)

Phosphine Class of |Amount of|Amount |Amount |Temper-| Ignition w0
phosphirme |phosphine|of fuel| of ature, | delay =
in blend, | used, |oxidant| °CF (o)
percent ml used,
by volume ml

30-Percent hydrogen peroxide

2-Ethylhexy1® Primary 100 0.03 0.5 |Ambient|{ShortP
100 .06 .5 0 S sec
100 .14 .5 -20 4 sec
40 .12 .5 Ambient [No ignition
40 .16 .5 Amblent |2 sec
g-Octylc Primary 100 0.04 0.5 Ambient |Very shortd
100 .03 .5 Ambient |Short
100 .08 .5 o] 2 sec
100 .12 .5 -20 |Short
50 .10 .5 Ambient |[No ignition
50 .15 .5 Ambient {Short
Dodecyl® Primary 100 0.12 0.5 Amblent |No ignition
] 100 .20 .5 Amblent |Short
Di-2-ethylhexyl® |Secondary 100 0.05 0.5 Amblent 1.4 sec h
Tri-n-butyl Tertiary 100 0.01 0.5 Amblent |Very short
100 .06 .5 0 No ignition
100 .08 .5 0 Very short
100 .12 .5 -20 Short
30 .20 .5 Ambient |{No ignition
Tri-ggg-butylf Tertiary 100 0.04 0.5 Ambilent |Very short
100 .08 .5 0 No 1gnition
100 .10 .5 0 Short
100 .14 .5 -20 Short
30 .20 .5 Ambient |No ignition
Tr1-2-ethylhexy1a Tertiary 100 0.10 0.5 Ambient |No 1gnition

80=-Percent hydrogen peroxide

2-Ethylhexyl Primary 100 0.06 0.5 Ambient |Short

100 .08 .5 14 2 sec

100 .08 .5 -22 |15 sec
n-Octyl Primary 100 0.06 0.5 Amblent |[No ignition
- 100 .08 .5 |Ambient |Short

100 .08 .5 14 (Short

100 .08 .5 -20 2 sec
Tri-n-butyl Tertiary 100 0.06 0.5 |Ambient|Short

100 .12 .5 14 |No ignition

8prepared from phosphine and 2-ethylhexene.
bShort, noticeable delay but less than one second.
CPpepared from phosphine and l-octene. .
dInstantaneous to the senses.
ePrepared from phosphine and propylene tetramer.
» tnay have changed chemically since its preparaiion.
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TABLE IX. - SUMMARY OF IGNITION-DELAY DATA FOR TRIMETHYL
TRITHIOPHOSPHITE - UNSATURATED HYDROCARBON BLENDS AND RED
FUMING NITRIC ACID CONTAINING 22.6 PERCENT NO, AND 0.99

PERCENT H,0 AT -40° AND -65° F IN OPEN-CUP APPARATUS

(REF. 29)
Hydrocarbon Temper- Ignition delay, millisec
atg;e’ Amount of hydrocarbon,
percent by volume
0 20 40 60 80
2-Methyl-l-pentene -40 10.0 {17.6 { 20.1 | 59.6 | (a)
-65 13.0 | 10.4 | 15.8 | 114 (a)
1-Hexene -40 8.2 |19.1 |41.8 | (a)
“65 1208 1705 34-9
Isoprene -40 3.3 18.0|19.6 {51.3
~65 11.6 | 31.8 | 44.6 135
Dipentene ~-40 8.8 | 12.4 | 90.5 406
-65 11.0 {14.9 | 139 | (a)
1-Vinyl-3-cyclohexene -40 8.5 {11.9 {59.1 | (a)
-65 8-8 160 6 8900
Styrene -40 7.8 113.3 | 8.8 818
-65 16.4 {15.1 | 73.5 | (a)
Phenylacetylene -40 12.8 | 5.3 | 400 135
-85 (a) | (a) | (&) | (&)

aNo ignition.
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TABLE X. - SUMMARY OF IGNITION DATA FOR SEVERAL PHOSPHONITES AND VARIOUS
NITRIC ACID OXIDANTS AT ROOM TEMPERATURE AND AT -40° F OBTAINED IN

OPEN-CUP APPARATUS (REFS. 20, 21, 22, AND 24)
Fuel 80xidant
PName CName 90-Percent >95-Percent Mixed acid
WFNA WFNA
Room |-40° F| Room |-40° F| Room |-40° F
temper- temper- temper-
ature ature ature
Paraffinic phosphonite

Dimethyl benzene-|Dimethyl benzene- dio 4y | €10 e10 | %0 4

phosphonite phosphonite

Olefinic phosphonite
o

Diallyl benzeune- |Diallyl benzene- f4 -- ———— P R, ——-

phosphonite phosphonite

Cyclic phosphonite

Propylene 2,4-Dimethyl-1,3,2- dg dg | —-e- -—- | dg dg

methane - dioxaphospholane

phosphonite

Halophosphonite

Benzenedichloro- |Benzenephosphonous - -- €10+ €10 | €10+ €10

phosphonite dichloride

Amidophosphonite

N,N,N',N'-Tetra- |N,N,N',N'-Tetraiso- €2 (e) -——- --- 84 (g)

isopropyl~ propyl benzene-

benzenediamido- phosphonousdiamide

phosphonite

8Gee table VI for ignition-rating scale.
bNomenclature according to ref. 15 or extension of ref. 15.
Nomenclature according to indicated literature references.

dRef, 21.
€Ref. 22.

fRef. 20.
8Ref. 24.
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